The present work proposes an analytical investigation on the energetic and exergetic performance of an air heating solar collector having absorber surface equipped with fins and twisted tapes of twist ratio Y=2,4,6 and 8. A mathematical model capable of predicting the energy and exergy efficiency has been developed. The effects of mass flow rate, twist ratio and insolation on the thermal and exergy efficiency have been studied. Further, a comparison has been made with the results of smooth absorber solar air heater to check the performance enhancement over it. The results indicated that the thermal efficiency increases monotonically with increase in air flow rate but the exergy efficiency curve first goes up, achieves its maxima and then declines. Decrease in twist ratio from Y=8 to 2 leads to improvement in the thermal efficiency for whole range of studied mass flow rate but enhancement in the exergy efficiency was observed only up to the mass flow rate of 0.022 kg/s thereafter it starts decreasing.
INTRODUCTION
Solar air heater is a unique kinds of heat exchanger that coverts the solar energy into heat energy to be used in room heating, fish drying, laundry and low temperature industrial applications etc. [1] . However, the conventional solar air heater suffers from poor heat conversion efficiency. Various passive elements e.g. extended surfaces [2, 3] , corrugated absorber [4] , artificial roughness [5, 6] , packed bed [7] , wire coils [8, 9] , twisted tape [10] etc. have been utilized to ameliorate the performance of a solar air heater.
First law analysis or energy analysis is the conventional method of evaluating the performance of a thermodynamic system involving the transfer or conversion of energy. This usually involves performing the energy balance and evaluating the energy efficiency. However, it neither incorporate the effects of internal losses nor it shows the direction of the processes. It does also not quantify the usefulness or quality of energy associated with the process. Therefore, it may not only be the sufficient criteria to estimate the performance of a thermal system. Exergy is the maximum energy extracted when a system comes in equilibrium with the environment [11] and is measure of the quality of energy. Exergy analysis based on the second law of thermodynamics is a very useful tool to detect the irreversibilities, their relative magnitude and location within the system. Thus exergy analysis is more informative than energy analysis.
Sabzpooshani et al. [12] investigated the effect of fins and baffle parameters on the exergetic performance of finned and baffled solar air heater. It was observed that the effects of baffle width, distance between baffles and number of fins on exergy efficiency were more prominent at low flow rate, but at high flow rate, the trend was reversed. Ajam et al. [13] developed a correlation to predict the exergy efficiency of a solar air heater and used MATLAB toolbox to maximize the exergy efficiency. Manfrida [14] perceived that for low performance collectors smaller air temperature rise results in higher exergetic efficiency but for selectively coated, evacuated or focusing collectors it results in low exergy efficiency. Kar [15] verified that for maximum exergy yield of the flat plate solar collector at specific mass flow rate, there is an optimum inlet temperature. Suzuki [16] discussed the several phrases like exergy inflows, exergy leakage and exergy destruction concerned with the general theory of exergy balance and applied these to flat plate and evacuated solar collectors. Bahrehmand et al. [17] developed the mathematical model for the simulation of single and double glass cover solar air heater under forced convection. They compared the results of different solar air collector and found that at lower Reynolds number, among the collectors without fins, the collector having double glass cover and thin metal sheet is more efficient. Ucar and Inalli [18] tested a solar air heater with six different shape and arrangement of absorber surface with fins attached. They found an enhancement of 10-30 % in the thermal efficiency. Chabane [19] joined the longitudinal fins below the absorber plate and tested it for two air flow rate of 0.012 kg/s and 0.016 kg/s. They also compared its results with those of smooth absorber solar collector. It was found that integrating longitudinal fins inferior to the absorber plate results in a significant improvement in the thermal efficiency.
In recent decades, the use of twisted tape inserts in passage of fluid flow has become popular in many heat transfer applications. These twisted tape inserts produce swirl flow, offer effectively longer fluid flow with separating and blockage of flow cross section due to repeated change in surface geometry. This results in increased flow velocity and better fluid mixing. The net effect is the enhanced heat transfer coefficients and hence the heat transfer rate. A detailed review to enhance the heat transfer rate has been presented by Web and Kim [20] . Jaisankar et al. [21] in his experiment investigated the heat transfer and friction factor of the helical twisted tape inserted solar water heater. They revealed that for similar operating conditions the heat transfer and pressure drop were significant in the twisted tape collector than that of the plain tube collector. Furthermore, they found that the twisted tape with minimum twist ratio yielded the high useful heat gain in comparison to higher twist ratios. Hassan and Sumathy [22] So far the use of twisted tape is used in augmentation of heat transfer in the heat exchanger of fluid flow through tubes. No systematic efforts have been made to utilize the twisted tape in the duct of flat plate solar air collectors. Although in concentrated tube, the use of twisted tape has been seen in the literature. In the present paper a mathematical formulation has been generated to predict the thermal and exergetic performance of air heating collector with absorber plate equipped with fins and twisted tapes. The parameters; twist ratio, air flow rate and solar radiation intensity (insolation) is varied to analyze their effects on thermal and exergetic performance.
THERMAL ANALYSIS
The quantitative and qualitative performance of the solar air collector can be evaluated by writing the energy and exergy balance during the heat exchange process. Under aforesaid assumptions, the steady state energy balance equations for the glass cover, absorber plate, bottom plate and air scripted as:
Energy analysis
Glass cover:
Absorber plate:
Bottom plate:
Air:
where,   
For the solution of the above equations, the values of the various convective and radiative heat transfer coefficients associated with the different elements of matrix can be evaluated as [23 
The natural convective heat transfer coefficient of air in between the glass cover and absorber plate can be numerated as:
Nusselt number between absorber plate and glass cover ( where, Ra is the Rayleigh number and  is tilt angle of the collector and + sign denotes that only positive value of terms in the square bracket should be used.
The convective heat transfer coefficient of air in the flow duct can be estimated as:
where,
pb
Nu is the Nusselt number of air between absorber plate and bottom plate and h D is hydraulic diameter of the duct.
For the air flow in smooth duct, the Nusselt number for the laminar and turbulent flow can be computed from the relationship reported by Heaton et al. [24] and Kay's data respectively.
( ) ( ) 
In case of flow of air in duct with twisted tapes, the correlations suggested by Hong and Bergles [25] and Bas and Ozceyhan [26] can be used to predict the Nusselt number for laminar and turbulent flow respectively. 
The pressure loss across the duct can be estimated by the equation
where, f is the fanning friction factor computed as: For flow in the smooth duct [23] 
Exergy analysis
During the exergy analysis following assumptions has been considered [28] : 
The exergy associated with fluid at temperature 'T' and pressure 'P' is expressed as [13] :
Ex mc T T T T mRT P P = − − + (22) where, ' a P ' is ambient pressure and 'R' is the characteristic constant of air.
The inlet exergy rate '
i Ex ' includes the exergy rate associated with inlet fluid flow and radiated exergy rate from the sun.
The solar radiated exergy rate can be given by the equation
The outlet exergy rate ' o Ex ' comprises of the exergy rate of outlet fluid flow and the rate of exergy leakage due to heat leakage from the air heater to ambient air.
Ex mc T T T T T mRT P P
where, L U is total loss coefficient and can be estimated by the following expression:
In which, t U is the top loss coefficient, expressed as: T 
IA mC T T mc T T T mRT P T Ex P U A T T T T
The difference of exergy associated with air leaving and entering the duct is termed as increase in flow exergy or exergy recovered.
Ex Ex Ex T T mc T T T mRT P P
The second law (or exergy) efficiency of a flat plate solar air collector is given by the expression [11] :
Exergy recovered Exergy supplied mc T T mc T T T mRT P P T T IA
where s T is the apparent temperature of sun which can be taken as 4330 K [29] .
NUMERICAL CALCULATIONS AND SOLUTION PROCEDURE
To predict the performance of the purposed system, a numerical simulation code has been generated. For the numerical calculation, the design and operational parameters as listed in Table 1 have been taken into account. The following steps are adopted for the numerical solution of the model:
• The initial values of the temperatures , , and were assumed suitably as .
• Thermo-physical properties of air were computed.
• Various heat transfer coefficients coupled with energy equations were calculated using Eqns. (7)- (18 
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• The absolute difference of and was checked for convergence of solution. If the solution was not converged then the iteration was continued with the new temperatures until the solution is converged • Once the solution was converged, the thermal and exergetic efficiencies were evaluated.
The algorithms involved in the calculation procedure is shown in Figure 2. 
VALIDATION OF THE THEORETICAL MODEL
The present theoretical model has been validated by comparing the thermal efficiency ( th  ) and exergy efficiency ( II  ) of the smooth absorber solar air heater with the results of Gupta and Kaushik [30] under the same design and operating conditions. The comparative results plotted for Re has been presented in Figure 3 . From this Figure ure it can be seen that the present data are in good agreement with Gupta and Kaushik [30] . Efficiency (%)
Reynolds number
 th , present study
x10, present study  th , Gupta, Kaushik [29]  I I x10, Gupta, Kaushik [29] 
RESULTS AND DISCUSSION
The current section presents the results of numerical simulation of the proposed system. Effects of parameters: twist ratio, mass flow rate and insolation on the thermal and exergy efficiency have been plotted and discussed. Figure 4 shows the plot of temperature rise of air against the mass flow rate for the plane collectors and the collectors fitted with fins and twisted tape inserts for various twist ratios at fixed value of solar incident radiation. From the plot, the temperature rise is seen to increase with decrease in mass flow rate. For a given mass flow rate the temperature rise of the collector having absorber fitted with fins and twisted taps of twist ratio Y=2, shows the highest temperature rise. This is attributed to the enhanced heat transfer area exposed to the air due to addition of fins and improved heat transfer coefficients because of insertion of twisted tapes. At a given mass flow rate of 0.013 kg/s, the temperature rise of air for the plane absorber solar air heater increases from 13.2
• C to 21.44˚C when the absorber plate is equipped with fins and twisted tape of twist ratio, Y=2. and twisted tapes against the air flow rate for twist ratio Y=2, and insolation I=900 W/m 2 is plotted in Figure 5 to show the difference in these efficiencies. The Figure ure indicates that the thermal efficiency curve follows the monotonically increasing trend with increasing in mass flow rate. This is because the heat transfer coefficient of air in the duct is increased due to increased velocity at higher mass flow rate. However, exergy efficiency first goes up, achieves its maxima and then declines. This is attributed to high exergy loss from the absorber plate at higher mass flow rate. offer effectively longer flow length and introduce swirl flow resulting in improved fluid mixing thereby increasing the rate of heat transfer. The thermal efficiency of the collector with the minimum twist ratio is found to be highest among all twist ratios. This happens for the reason that the twisted tape with minimum twist ratio produces high intensity swirl flow and offer larger hydraulic length. The effect of insolation on the temperature rise of air for the collector with plane absorber and absorber with fins and twisted tapes at a mass flow rate of 0.001 kg/s is plotted in Figure 8 . Figure ure indicates that for all collectors, the temperature rise of air increases linearly with advancement of mass flow rate. Also, for a given value of the insolation, the temperature rise of air is seen to increase with decrease in twist ratio. The rate of increment in the temperature rise is increasing with fall in twist ratio i.e. the slope of the line of temperature rise is increasing at lower twist ratio.
The response of twisted tape parameter on the thermal efficiency against the solar insolation is graphed in Figure 9 . It is seen that the thermal efficiency increase with advancement of the solar radiation intensity and reducing twist ratio. At solar intensity of 900 W/m 2 , the addition of fins and twisted tape of twist ratio Y=2, enhances the thermal efficiency of the plane solar air collector from 56.1% to 74.42%. The effect of insolation 'I' on the exergy efficiency for various twist ratios at air flow rate of 0.011 kg/s is sketched in Figure 10 . It is seen that, increase in insolation and decrease in twist ratio leads to increase in exergy efficiency As radiation intensity increases, outlet temperature of air and hence exergy recovered increases but at the same time solar radiated exergy rate also increases and hence the exergy supplied. However, the rate of increase of exergy recovered is more than the rate of exergy supplied resulting in an increased exergy efficiency. The exergy efficiency for twist ratio 'Y=2' increases from 1.7 % to 3.8 % as insolation increases from 400 W/m 2 to 1000 W/m 2 .
CONCLUSIONS
The current paper, the effect of parameters; mass flow rate, twist ratio and insolation on the thermal and exergy efficiency of finned and twisted tape absorber solar air heater has been studied analytically. Following inferences can be drawn from the study.
1. Twisted tape of twist ratio Y=2 increased the energy efficiency of smooth absorber solar air heater increased from 42.5 % to 77.42 % by increasing mass flow rate from 0.013 kg/s to 0.41 kg/s. 2. The thermal and exergy efficiency have conflicting behaviors. While increase in mass flow rate leads to increase in the thermal efficiency without any extremum point, it causes the exergy efficiency first to increase and then to decrease. 3. Decrease in twist ratio leads to increase in thermal efficiency for whole range of studied mass flow rate but the exergy efficiency increases only up to the mass flow rate of 0.022 kg/s and thereafter reverse trend of variation is seen. 4. A maximum exergy efficiency of 5.3 % has been achieved for the mass flow rate of 0.002 kg/s and minimum twist ratio Y=2. 5. For twist ratio Y=2, increase in insolation from 400 W/m 2 to 1000 W/m 2 enhances the exergy efficiency from 1.8 % to 3.8 %.
